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ABSTRACT

Contact modeling is still one of the most difficult aspects of nonlinear implicit structural analysis.
Most 3D contact algorithms employed today use node-on-segment approaches for contacting dis-
similar meshes. Two pass node-on-segment contact approaches have the well known deficiency
of locking due to over constraint. Furthermore, node-on-segment approaches suffer when individ-
ual nodes slide out of contact at contact surface boundaries or when contacting nodes slide from
facet to facet. This causes jumps in the contact forces due to the discrete nature of the constraint
enforcement and difficulties in convergence for implicit solution techniques.

In a previous work [1], we developed a segment-to-segment contact approach based on the mortar
method that was applicable to large deformation mechanics. The approach proved extremely robust
since it eliminated the overconstraint which caused “locking” and provided smooth force variations
in large sliding. Here, we extend this previous approach in [1] to treat frictional contact problems.
The proposed approach is then applied to several challenging frictional contact problems which
demonstrate its effectiveness.

1 INTRODUCTION

The simulation of mechanically contacting surfaces, which interact via unilateral constraints,
is still one of the most challenging tasks in computational mechanics. The most prominent
algorithm for doing flexible body contact problems where there is large sliding is the node-
on-segment contact algorithms developed by Hallquist [2]. The node-on-segment approach
enforces contact using collocation such that nodes on the “slave side” must not penetrate their
opposing “master side” segments (facets). This can be done in a single pass algorithm such
that only the nodes on the slave side are considered and nodes on the master side are free to
penetrate the slave side. Because the single pass method does not solve the contact patch test
[3], itis typically not applied when flexible bodies are contacting. The two pass method is most

often chosen for flexible body contact, since it will solve the patch test in 2D and in certain
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(but not all) 3D mesh configurations, particularly when low order elements are used. The two
pass method precludes penetration of the slave side nodes into the master side segments and
master side nodes into the slave side segments. For higher order elements such as quadratics,
the two pass algorithm is not as effective since it no longer satisfies patch tests. Although
this node-on-segment method has solved many problems, as many analysts would attest, the
method is still not very robust. This lack of robustness is particularly evident when implicit
solution procedures are used to solve the discretized nonlinear equilibrium equations.

The four main numerical issues that affect the robustness of the two pass node-on-segment
approach are listed as follows

1. Locking or over-constraint.

2. Non-smooth contact surfaces cause jumps in contact forces when slave nodes
slide between adjacent master segments.

3. The discrete constraints cause jumps when slave nodes slide off the bound-
aries of the master surface. This occurs even for flat surfaces.

4. Inequality equations necessitate determination of active and inactive con-

straints (e.g. gaps opening and closing, stick-slip, etc.)
The proposed segment-to-segment approach deals with the first three issues listed above. The
fourth issue is still open and many computational approaches in mathematical programming
have been put forth for handling inequality constraints within the context of contact. Here,
an augmented Lagrange approach was applied for handling the inequality constraints in the
solution of the contact problems demonstrated in Section 5. It is seen from these numerical
examples that the proposed method appears to be quite successful in dealing with the first three
issues.

Issues one through three, as they pertain to two pass node-on-segment, can be discussed
in more detail to establish the need for the methods we propose. First, in general, the two
pass node-on-segment approaches are prone to “lock”. It is straightforward to show that the
method precludes a given line of nodes in contact from curving (bending) as shown in Figure 3

when all constraints are active due to sufficiently high pressures. The two pass method fails the
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Babuska-Brezzi condition [4] and ill conditioning and poor convergence behavior are typical
manifestations of the over-constraint.

Next, in the typical node-on-segment approach, the measure of penetration is given by the
slave node gap which is computed by the closest point projection of the slave node onto the
segmented master surface. The normal contact force is then chosen to be coaxial with the
master segment normal computed at the closest point. The frictional contact force is in the
tangent plane associated with the contact normal. Consequently, the non-smooth surface of the
low order elements causes jumps in the contact force on the slave node as it transitions from one
master segment to the adjacent segment (Figure 1). These jumps in forces can cause spurious
chatter as two contact surfaces slide relative to each other and convergence difficulties are often
encountered. Contact surface smoothing methods for 2D [5, 6] and for 3D [7, 8, 9] smoothly
interpolate the opposing surfaces eliminating this non-smooth behavior, but are considerably
more complicated than the classical node-on-segment approach.

Finally, when slave nodes reach the end of a defined master surface and slide off, a jump in
the contact force typically occurs. This jump is non-physical and often results in convergence
difficulties. Contact surface smoothing does nothing to preclude this pathology.

Node-on-segment approaches use collocation to integrate the contact virtual work such
that no explicit representation of contact pressure is involved, just contact forces. By con-
trast, methods that integrate the contact virtual work using numerical quadrature employ some
interpolated contact pressure. Here, as in [10], these methods will be denoted as segment-to-
segment approaches since they effectively project a segment on one side of the contact surface
onto an adjacent segment of opposing side. A number of different approaches have been em-
ployed and several of the more notable are mentioned. For the most part, the methods differ
in the way they interpolate the contact pressure and how they formulate the projection. The
first instances of segment-to-segment approaches were seen in [11], [3] and [12] and were im-

plemented as penalty methods. These were presented for two dimensional cases and were not
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always stable in their Lagrange multiplier implementations. The mortar methods originally
proposed in [13] for mesh tying, will not lock since they are LBB stable [4]. Several versions
of the mortar method have been adapted to handle the contact problem [14, 15, 16] but so far
all these methods have only considered two-dimensional linear kinematics, which significantly
simplifies the development of the contact formulation. In [1], the authors extend the previous
segment-to-segment, mortar contact methods to treat large deformation kinematics for curved
3D surfaces.

In this work, a numerically objective slip definition within the context of segment-to-
segment contact is proposed. With this in hand, the method in [1] is extended to treat frictional
contact problems.

The following is an outline for this paper. Section 2 introduces the notation used throughout
this manuscript and presents the discrete forms of the virtual work for the segment-to-segment
approach. Section 3 describes the discrete form of the contact constraints. In particular, the
new slip rate definition is presented. Section 4 presents details involving the contact normal
and frictional force calculation and demonstrates linear momentum conservation. In Section 5,
numerical examples are presented which demonstrate the robustness of the proposed scheme.
Section 6 discusses the novel aspects and costs of the proposed approach. Appendix A details
the integrations scheme and Appendices B-D provide additional details involving linearization

of the proposed formulation.
2 Contact Mechanics for Segment-to-Segment Approach

The precise discrete forms for the frictional contact virtual work within the proposed segment-
to-segment context are given in this section. The normal contact aspects are identical to the
work in [1], whereas the definition for the slip velocity and frictional traction are novel to
this work. For conciseness, only two contacting bodies will be considered throughout the

presentation.



2.1 Contact Virtual Work

The motion of two bodies with reference placement Q¢ (i = 1,2) is characterized by the
deformations ' : Q[0,7] — R3. Material particles of each solid are identified with the
reference coordinate X* € €, and we let * = *(X",t) be the current placement of these
material particles X* at time ¢ € [0, T]. The portion of the boundary in contact is given by
7. where 7, = ' N % and ¢ = ¢*(0Q%). In the finite element discrete form, the spatial
configuration of the surface mesh can be parameterized via the appropriate node numbering in

the following way _
x' = ZNz(ﬁi)wQ where ', x’, € (1)
A=1

where n* are the number of nodes defined on the surface mesh of 4% and the shape functions
N, : ¢ € O — R considered here are bilinear for trilinear hexahedral meshes and/or trian-
gular for tetrahedral meshes. It will be convenient to define a vector of contact surface nodal

coordinates @ as follows

®=4 % 0 )

\ w7212 J
The contact virtual work for two deformable bodies constrained at a common interface  is
written

[t [52'@) - 5@ av=0 ®)

vy
where v =7(¢,®), € :v— {&]¢ en},

and ¢ is the contact traction to be defined later. In the continuum version of (3), seperate
surface parameterizations £°, (i = 1,2) are mapped to a common interface parametrization ~

pointwise in a natural way. In the discrete implementation of (3), the surface v = (&, @)



is a specifically defined surface for integration formed from the nodal coordinates x‘, and
parameterized, piecewise, by & € O The mapping éi : v — Oin (3) is used to map points
on the “intermediate” surface  back to the parent domains ¢* defined by (1). The definition
of ~ is not unique. In the 2D segment-to-segment formulations [11, 3, 12], v is computed by
some averaging of the meshes on ~! and 72 whereas in [16], a separate mesh is supplied by
the analyst to define ~ for small displacement contact. The typical mortar method description
specifies that the non-mortar (slave) surface is specified as ! such that v = ! and ~? is the
mortar (master) surface. In that context, the variable of integration is ' and & = £'. The
extension to 3D curved surfaces is not so simple. In the proposed implementation, we instead
assume that v ~ ~!, such that v is composed of piecewise flat segments based on the non-
mortar segments. The exact definition for - and the mapping Ez is given in Appendix A.

The contact traction can be seperated into normal ¢V and frictional ¢ parts where v is

some surface normal such that

t=t"+t" (4)

The typical mortar method interpolates tractions on the non-mortar side (; = 1) using the
equivalent displacement field interpolation space. In this way, normal and frictional tractions

based on this mortar scheme can then be defined
tN = "Ni(€pava "= Ni(€")ta ()
A=1 A=1

where p, is a nodal defined pressure, v 4 is a nodally averaged normal (c.f. Figure 1 and
Appendix B) and ¢, is the nodally defined frictional force where t4 - v, = 0. Although
a nodally averaged normal v 4 isn’t necessary in the implementation, it was found to provide
smoother sliding behavior compared to other alternatives. To put it simply, the key to the mortar

interpolation is that it accommodates a stable solution by enforcing an appropriate number of
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constraints n'. By contrast, the two pass node-on-segment approach has n' + n? constraints
and is over-constrained.

Although the procedure is not followed in this work, mortar methods will often modify
(5) by employing constant pressure interpolation on the outer segments of the contact surface
definition in the event that additional constraints (other contact surface definitions, mesh tying,
boundary conditions etc.) are applied to these “cross point” nodes. This procedure avoids
potential over-constraint that would be evidenced by too many Lagrange multipliers existing at
the surface intersections. At any rate, substituting (5) in the virtual work statement (3) yields

the discrete contact virtual work statement in terms of normal contact pressure and frictional

traction
ZPA5§A +1t4-084=0 (6)
where A=1
Sga=wva- Y (nypdzy — njodmy), (7)
B,C
dsa= T —vsQu,) Z (nhgdxp — n4o0x2) (8)
and B.C
. ~1 . ~q
W = [ NAEING@E)dy ©)

Y
Note that a notational abuse was made in (7) and (8) such that the n!,zdxk term is not in
fact summed over C = 1,n2%. Likewise, the last terms in (7) and (8) are not summed over
B = 1,n!. This notation is used for convenience and will be used throughout in similar

contexts. The details involved with the integration of (9) are included in Appendix A.



3 Contact Constraints

As presented in [1], the discrete normal contact gap g4 defined

gA=VA gy (10)
nln?
9a= Z (napTp — Nac®s) (11)
B,C

and pressure p,4 are the basis for the discrete form of the Kuhn-Tucker conditions defined on

the non-mortar nodes A
g4 <0, pa>0, paga=0 VA=1n' (12)

As was discussed in [1], 6ga # 0ga, Where dg4 is given by (7) and dg4 is the directional
derivative of (10). This choice simplifies the implementation, but since it means that the virtual
work expression is not a variation of a quadratic, the ramifications of this choice include a loss
of symmetry and a lack of angular momentum conservation *.

It is clear that an incremental slip definition akin to (8)

n',n?

Asp=(T—-vsQu,) Z (nhpAzy — n4 Azs) (13)

B,C

where Az, = x4 (t,11) — =% (t,) would not be invariant to rigid body rotations. Such invari-

ance is quantified in the current context by requiring that
Asy=0 ¥ @(X,tu) — (X, t,) € SOE) (14)

The consequence of this lack of invariance would be that spinning bodies would not slip and
stick properly if (13) were used to quantify slip. To remedy this, an alternative slip increment

is derived based on the time derivative of the gap “vector” g , defined in (11)

n',n?

. 1 .1 2 .2 -1 1 -2 2
gy = E :[nABwB —NacTo + NaopTp — N (15)
B,C

*Angular momentum conservation could easily be recovered by adding the appropriate dv 4 term in (7) that
would appear in the directional derivative of (10).



which can be written in an incremental form

nln?

ga(tnt1) — ga(ts) ~ Z [napAzy —nicAzg + (16)
B.C

(Mg (tnr1) — nap(tn)) Tp(tn) — (N (tnst) — Wao(tn)) TC(ta)]

In the event of flat surfaces in persistent contact, g 4(tn+1) = g4(t.) = 0, and (16) can be
rewritten

nl,n?

Z naplAzy — "icAm%} = —[(nap(tat1) — nap(ts)) Tp(t.)— (17)
B,C

(Rac(tns1) = no(tn)) B¢ (ta)]

The left hand side of (17) is similar to the non-invariant slip increment given in (13) whereas
the right hand side of (17) is invariant to rigid body rotations since n% z(tn41) — n'z(t,) = 0
during such rotations. Conseqgently, the right hand side is adopted for the slip increment As 4

now defined

N

Asa=(I~va®va) Y [(nhp(tass) — nap(ta)) Tp(ta) - (18)

(e (tns1) = niac(tn)) TC (tn)]
Using (18), the discrete Coloumb frictional Kuhn Tucker constraints are then given
da=ppa—|[tall >0, Asy=Cata, >0, dala=0 VA=1n' (19)
where 4 is the Coulomb coefficient of friction.
4  Contact Forces

This section presents details involving contact force calculation and momentum conservation.

tg 4 = 0'is enforced for flat surfaces but not necessarily curved surfaces
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4.1 Modified Form of Gap Calculation

The form of (18) requires the storage (or recomputation) of the weights n’, 5 (¢,,) to be used in

calculations at time ¢, ;. To avoid this, (18) can be rewritten
nln?
Asy= I —va®va) | Y [Paplters) @p(tn) — nho(tars) T4 (ta)] — galta) | (20)

B,C

where now only the time ¢,, nodal gap vector, g 4(¢,) need be stored.

4.2 Penalty Regularization and Augmented Lagrange Algorithm

The penalty regularized form of contact [17] within an augmented Lagrangian scheme was
employed in this work. The algorithm is as follows:

Given the slip increment As,4 and gap g4 from ¢, to ¢,,; and the augmented Lagrange k"
iterate for frictional traction ¥ and pressure p%:

(1) Update normal pressure using a suitable penalty parameter « to get & + 1 pressure

it = ph 4+ kga (21)

(2) Compute trial frictional traction
ttr = (I—VA(X)VA)t]IZ-i—HASA (22)

(3) Determine contact status and update the k& + 1 iterate of time ¢,,,; traction

stick  pplitt —[[¢7]| >0 then #it' =t} (23)
k
sli L1 <0 then  tETl = MDA (24)
P AT e A

It is preferable to rotate the historical traction ¢* into the current plane as opposed to pro-
jecting it when implementing the augmented Lagrangian algorithm above. Even if this rotation

is not done, however, the augmented Lagrange process should still converge to perfect stick
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when appropriate. Furthermore, a Lagrange multiplier implementation would require that the
slip vector be projected onto two axes common to the v 4 plane so that two independent fric-

tional constraint equations are enforced (as opposed to three equations with one redundancy).

4.3 Contact Forces

The contact forces F' result directly from the virtual work equation (8) *

nlntn?

¢ - F = Z (pava +ta) (n,laugém}; - nic&l%) (25)
AB,C

as well as equations (21,23,24) which describe the pressure and frictional traction. In view of

(25), the contact force on node B on side 7 due to pressure and traction at node A can be written
Fiap= (1" (pava+ta)n'yp (26)
Details involving the linearization of (26) are included in Appendix C.

4.4 Linear Momentum Conservation

Satisfaction of linear momentum is demonstrated by substituting d=*, = a into the virtual work
expression (25) and using (26)

n! nln?

0®-F = Z(pAVA +1t4)-a Z (s — Mic)
A=1 B,C
=—a-(F'—F%)  where F'=> fip (27)
A,B
=0

Since a is arbitrary, the expression can only be true if the interface forces are equivalent (F'! =

F?). Exact linear momentum conservation requires that the contact weight functions exactly

{Because t 4 is in the tangent plane associated with v 4 by construction, the projection operator in (8) in not
necessary in (25).
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satisfy the consistency condition

n',n?

Y (nhp—nie) =0 VA=1,n' (28)

B,C
Of course (28) is satisfied when the integration in (9) is exact. On the other hand, with trilinear
hexahedrals exact integration is not easily achieved since the bilinear shape functions of the
segments need to be integrated over arbitrarily shaped domains (Figure 2). For interfaces that
are comprised exclusively of linear tetraheda, exact integration is more readily achieved but
lower integration rules may be desired for efficiency. The appropriate numerical integration

technique guaranteeing (28) is presented in Appendix A.
5 Examples

The example problems were chosen to demonstrate the robustness and accuracy of the proposed
approach. In particular, the proposed method effectively addresses issues 1 — 3 in the Introduc-
tion. The first example, in particular, demonstrates the locking behavior (over-constraint) of
the two pass node-on-segment contact method and highlights the effectiveness of the proposed
segment-to-segment mortar approach for this problem. Example 2 shows that in large slid-
ing, non-smooth contact surfaces are smoothed out by the proposed method. Example 2 also
demonstrates how the discrete constraints of node-on-segment cause problems when nodes
slide off the boundaries of surfaces. Single pass contact is a valid approach for flexible-to-
rigid (or nearly rigid) contact problems. Example 3 is truly a flexible-to-flexible problem not
applicable to single pass contact and again demonstrates superior robustness compared to the
non-smooth and smooth node-on-segment approaches.

In the examples, the segment-to-segment approach is compared to the standard node-on-
segment approach [2] and the smoothed node-on-segment approach [8]. The augmented La-
grange technique was used in all cases for enforcing the contact constraints.

All results are shown for both cases of non-mortar side specification. The legends in all
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plots denote the designated non-mortar side in parentheses. Clearly, it is seen that the non-
mortar side designation will cause some bias. Neverthess, it appears the bias is not serious
when the two sides of the mesh are sufficiently refined.

The examples are all large deformation kinematics and use the neo-Hookean, hyperelastic
material ([18], Equation 9.2.3). Here, we specify the Young’s modulus E and Poisson’s ratio

v in the example problems in lieu of the shear modulus . and bulk modulus K used in [18].
5.1 Example 1: Beam Bending

This example demonstrates the locking free behavior of the proposed method. Two 10 x 1
beams (£ = 1,v = 0) (Figure 3) are sandwiched together by an ambient pressure p = 0.1.
The beam is then bent by applying a moment to the end of the beam. Figures 3(b,c) show the
results where a sliding surface is placed between two dissimilarly meshed beams. Figure 3(b)
shows the mortar method results where the upper surface was designated as the non-mortar side
and contact stick is maintained throughout the deformation. The two pass node-on-segment
demonstrates locking in Figure 3(c) since the applied pressure is sufficiently high to force all
contact constraints to be active along the interface. Consequently, the interface cannot bend
and the beams lock. Figure 4 shows displacement versus moment for the beams analyses. The
conforming results compare well with the beams simulated using the proposed method. The

node-on-segment analysis diverged after the moment reached 0.02.
5.2 Example2: Ironing

In this problem, depicted in Figure 5, a cylindrical die (£ = 1000, v = 0.499) is pressed into
the slab (£ = 1, v = 0.3) and then slid over the surface. The die, with a center initially located
2.5 units from the left end of the slab, travels —1.4 units in the vertical z direction from time
0s — 0.2s and then 4 units in the horizontal = direction over the remaining 1.3s. The slab

dimensions are 9 x 4 x 3 and the die is 0.2 thick, 5.2 wide with a radius of 3.
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The classical two pass node-on-segment contact could not achieve convergence to any de-
gree on this problem due to locking. The two pass smoothed node-on-segment experienced
fewer locking problems. Single pass node-on-segment contact could be applied using tight gap
tolerances with the slave side chosen on the flexible slab.

Due to the high Poisson’s ratio, » = 0.499 the slab expands transversely such that it slides
off the outside edges of the indenter after sufficient slip is developed. This effect is readily
seen in Figures 5 at times 0.6 and 0.8. At the point that nodes begin sliding off the boundary
causing jumps in the contact forces, convergence could not be achieved for any of the node-on-
segment approaches. The contact forces are shown in Figure 6, where it is seen that the smooth
node-on-facet method failed at time 5.5. Because the segment-to-segment approach provides
smooth behavior at contact surface boundaries, it can successfully handle the transition of the
slab nodes at the overhang. Furthermore, the mortar results in Figure 6 demonstrate little bias
as to choice of non-mortar side.

In the event that the Poisson’s ratio is lowered to 0.3, the slab doesn’t expand as much in
the transverse direction, so that no overhang is developed. In this case the single pass node-on-
segment can successfully complete the analysis, whereas the two pass algorithm cannot. It is
to be noted, however, that a somewhat loose convergence tolerance was necessary for the non-
smooth contact analysis since jumps in the contact normal cause a significant amount of chatter
as seen in Figure 7. The proposed segment-to-segment approach effectively smooths out the
contact forces and compares well with the single pass node-on-segment as seen in Figure 8.

Finally, a 1 x 1 block was slid across the slab as seen in Figure 8 This problem is particularly
difficult since the outside corners experience nearly singular stresses. In this analysis, conver-
gence could only be achieved for the case where the non-mortar side was applied to the block
since the slab mesh was too coarse. Convergence could not be achieved using any form of
smooth or non-smooth node-on-segment methods to any significant extent. The resulting force

for the block simulation is shown in Figure 9 and does show some oscillations. Nevertheless,
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these oscillations are sufficiently smooth so as not to cause convergence problems.
5.3 Example3: Spheresin Sphere

In this example, a solid sphere (R = 0.6, F = 1.0,v = 0.3) is placed within a hollow sphere
(R, =2.0,R; = 0.7, E = 1.0,v = 0) and a uniform body force is applied to the solid sphere
such that it is pressed into the outer hollow sphere (Figure 10). Figure 10 shows the resulting
deformation from simulation where the non-mortar surface was on the coarsely meshed (inner)
sphere. Because both spheres are equally flexible, single pass node-on-segment is not an op-
tion. Furthermore, the classical two pass node-on-segment approach fails to make it past the
first time step unless some form of “trick” such as segment freezing [1] is used. This difficulty
arises because the node-on-node contact at the center causes extreme oscillations in contact
force. Even with segment freezing, the analysis failed early at time 0.7. The smooth two pass
node-on-segment method failed at time 8.3, presumably due to locking. With the non-mortar
side on the fine (outer) sphere, the analysis failed at time 22.3 due to extensive deformation of
the elements in the outer sphere. The analysis with the non-mortar side on the coarse (inner)
sphere fared somewhat better, failing at time 30.3 as seen in Figure 10. Figure 11 shows the

displacement of the center of the sphere versus time for the different approaches.
6 Conclusions

In this work, a 3D large deformation implementation of a segment-to-segment frictional contact
approach was developed and demonstrated. In particular, a numerically objective slip rate was
introduced to incorporate friction into the previous work [1]. The mortar approach was adopted
for the Lagrange multiplier interpolation such that a designated mortar and non-mortar surface
was used in the implementation. The numerical integration technique used to evaluate the con-
tact surface integrals and the process to linearize the resulting contact forces was presented.

The necessity to choose a mortar and non-mortar side is restrictive but eliminates the locking
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encountered by the two pass node-on-segment approach. Several example problems demon-
strated the superior robustness of the proposed approach over classical node-on-segment and
smooth node-on-segment approaches. This robustness is attributed to the follow facts:

1. The method does not lock.
2. Contact forces vary smoothly during large sliding.
3. Contact forces do not jJump as nodes slide off the contact boundary.

Although the proposed approach is significantly more expensive computationally than the
non-smoothed node-on-segment approach, the added robustness and accuracy (i.e. no locking)
should justify the expense. In fact, most of the cost involves the linearization, which can likely
be approximated in many cases to reduce such costs. For example, neglecting the derivatives
of v, and n’,; in Appendices B and C makes the cost comparable to the node-on-segment

approach while successfully solving most problems to practical error tolerances.

{ Appendices

7.1 Appendix A: Numerical Integration

This section focuses on the numerical integration technique used for computing the contact
weights in (9).

The proposed scheme is valid for meshes formed by linear tetrahedrals and/or trilinear
hexahedrals. Some modification would be required for higher order elements. To integrate (9),
the required overlap of shape function A defined over non-mortar segment & and shape function
B defined over segment [ needs to be identified (Figure 2). This is most easily performed by
approximating segment & by a flat segment k using the segment normal at the center of k.
This segment represents the surface of integration ~ as defined in (3). For each non-mortar
segment k, the local node set S' (k) defines the segment surface of & via the interpolation
Ty = D pesi(h) NL (&)L, Interpolations for Np are linear and bilinear for tetrahedrals and

hexahedral meshes respectively. For mortar segment [, the local node set S%(1) defines the

17



segment surface via & = 3" pc o2y N%(€*)x%. The following details the proposed numerical

integration algorithm (refer to Figure 12)
1. Loop over non-mortar side elements & = 1,n! (# of segments on non-mortar side).

(@) Form plane p from the normal n and point x, at the geometric center of element &.

(b) Compute points &, by projecting facet £ nodes onto plane p to form facet k (see
also Appendix D). Facet & admits the parameterization

&= Y, NiEha), (29)
)

AeS(k
(c) Loop over mortar side elements [ = 1, n? (# of segments on mortar side).

i. Perform rough screen to determine if facet [ is close to facet k.
ii. If “far” from k, go to top of mortar element loop and increment /.

iii. Compute points &% by projecting facet I nodes onto plane p to form facet [.
Facet [ admits the parameterization

&= ) Ni¢)E; (30)
AeS2(l)

iv. Use a clipping algorithm [19] to form polygon formed by kni (Figure 12(b),(c)).

v. Locate geometric center of polygon and divide polygon into n,, triangular pal-

lets (Figure 12(d)). Each triangle p is parameterized by its vertices x, (I =

1, 3) and triangular shape functions N; within the parent domain & = [£;, &]7

as
3

z, =Y Ni(é)z, (31)

I=1
where N1 = &, Ny = &, N3 = 1 — & — &. The segment in Equation (31)
represents the parameterized form for v = (&, ®) in (3).

vi. Use Gauss-Radau rules [20] to locate ng Gauss points & , and integration weights
w, for each triangular pallet.

vii. To compute 5; and 5_,2] from z,(§,) € -, the inverse mapping in (3;) is defined
by equating (29,30) with (31) §
z,(€,) = Z'(€,) (32)

§As mentioned in the following discussion, & and [ are assumed convex such that the inverse exists
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viii. Compute contribution ”AB(kz and nA”()J(k ) over pallet p for s = 1,2 for all

A, B € S'(k)and C € §%(])

ng
naBen = AprgNA@;)Né(s;) (33)
”Ac kD) — = AP ngNA (f ) (34)

where AP? is the pallet area calculated from (31).

ix. Assemble contribution ni’ﬁ;(k ;) into coefficient n'y g by summing contributions
over all pallets for all A, B € S'(k) and C € S?(1)

nAB—nAB+ E :nABkl nAC_nAC+§ :nACkl (35)
p=1 p=1

(d) End loop over mortar side elements.

2. End loop over non-mortar side elements.

The above algorithm relies on the fact that the segments must be convex. If & is convex
and not overly warped, % will be convex. If the normals for non-mortar and mortar segments
k and [ are relatively close, the projected mortar segment  will be convex. Consequently,
the polygon & N I will be convex and the intersection polygon (Figure 12(c)(d)) will have a
geometric center located in the polygon. This facilitates the triangularization of the polygon
for numerical integration and the inverse mappings in step (c) above.

For interfaces that are exclusively made up of linear tetrahedra, the integrals in (33,34)
are quadratic in x such that at least three point triangular integration [20] is necessary over
each pallet to exactly integrate (33,34). To solve the patch test exactly, only linear accuracy is
necessary in (33,34) ¥ such that only one point triangular integration is required.

Where there are trilinear hexahedra on the interface, the inverse mappings EZ tx, — O are

rational polynomial functions in general such that exact integration (33,34) is not achieved with

TPatch test satisfaction only requires that fv N} d be integrated exactly.
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a standard triangular Gauss integration scheme. If the element segments/facets on sides 1 and 2
are flat and not warped (i.e. they are parallelograms), then the inverse mapping is linear and the
arguments in (33,34) are quartic in &€ requiring at least six or seven point integration [20]. To
solve the patch test exactly with parallelogram segments, quadratic accuracy is necessary such
that at least three point integration is required. A scheme that exactly passes the patch test when
the segments are warped yet planar (non-parallelogram) and satisfies exact linear momentum
conservation has been devised but is more complicated. Here, seven point integration was used
for most example problems and appears to be more than sufficient when compared to higher
order nine and thirteen point schemes. Nevertheless, the choice of integration rule is somewhat

problem dependent.
7.1.1 Linear Momentum Conservation

The proposed algorithm will exactly conserve linear momentum through satisfaction of (28).
This is achieved by requiring equivalent numerical integration of the polygons and pallets
formed by the intersecting mortar and non-mortar sides. Referring to (33) and (34) and ap-
plying the identity 3~ g, N& = 1yields

ng

ng
Z [nkg(k,l) - ”,24%(/9,1)] = AP Z wyN, (&) — AP Z wgNy(€;) =0 (36)
BeS(k),CeS2(l) =1 =1

Since this is true for arbitrary A and p, (28) is satisfied for the entire interface. If the non-mortar
side is integrated independently of the mortar side, exact linear momentum will not necessarily

follow in general.
7.2 Appendix B: Average Nodal Normal Calculation

In this section, the method used for computing and linearizing the vertex normal is described.

Consider a vertex A on the non-mortar surface with n 4 segments attached (Figure 1). The
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vertex normal is computed by averaging normals from surrounding segments using the formula
na

va=1/[31m> n; (37)
j=1

where n; is the normal computed at the corner of each facet j from edge vectors v; common
to node A, i.e.

nj = Vj X Vjp1/[|V; X V]| (38)

Edge vectors are computed from the current nodal positions, for example v; = z} — z

referring to Figure 1. Introducing the unnormalized vector n’; defined:
n; =V; X Vi1, (39)
the following formula for linearization of (37) results from the chain rule

nA
Avy = 1/[[SAnl[[I —va©val Y 1/ - n; © n;)An; (40)
7j=1
An; = [AVj X Vi1 + Vj X AV]'_H]
By exploiting the identities

R R 0 —Ww3 —Wsy
wxx=Wz where W=]|ws 0 —uw (41)
w9 w1 0

and Av; = Az} — Azl along with some algebra, Equation (40) can be rewritten in matrix
form

Avy = W AD, (42)

where the matrix W 4, € Rsyx3:n, IS formulated in terms of edges v; attached to the vertex A
and ® 4 € Rs,,, is the vector of the coordinates z! of the nodes forming the edges common

to vertex A.
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7.3 Appendix C: Linearization of Contact Forces

This section presents an overview of the linearization of the contact force (26). The lineariza-
tion of pressure p, involves linearization of (21), (10) and (11). The linearization of the ¢ 4
involves the linearization of the slip (20) and traction formulas (22,24). Of course this involves
chain rule differentiation that will ultimately result in the derivatives of two key parts: Av 4
which was treated in Appendix B and An’, ; which will be treated here. The remaining portion
of the linearization is straightforward and will be omitted.

The linearization of n?, 5 is expedited by exploiting the discrete partitions of nAB (k1) OVEr

pallets (35) such that

nymg np

Anyp = Z Z AnAB(/cl (43)

k,l p=1

where (&, 1) are the overlapping non-mortar and mortar segments as described in the Appendix
A. To be brief, the (k,[) subscripts are dropped in what follows with the understanding that
each pallet contribution n 'z must ultimately be assembled via (35). Using £ as the variable of

integration, the linearization of n P proceeds
i ~1 i %t
Anffy = A / NAE)NG(E) A de
= Z[ANA ) + NA(EHANE(E)w AP + 'y AAP | AP (44)

where, again, the gg are the local coordinates. To complete (44), the linearizations AN?
and A AP are required. To accomplish this, the different parameterizations over the pallet are

equated as in (32)

3 4
> Ni(®mr, =) Ni(€)&, (45)
I=1 A=1
where local node numbering A = 1, 4 is used. Taking the directional derivative of (45) gives
3 . . 4 . . .
> Ni(§)Awy, = FLAE+ YT NA(E)AT), (46)
I=1 A=1
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where #, denotes the covariant basis at &’ associated with the flat plane in the oo = 1, 2 direc-
tion, obtained by taking the partial derivative of (29) or (30) in the direction of coordinate &%,
In (46) and what follows, the sum over the direction « (or ) is implied. Rearrangement of

(46) to solve for the A&He gives for each surface ¢
3 4
AE =Ty [y Ni(€)Azr, — Y NA(€)AZY] (47)
I=1 A=1

where “m®* is the (dual) metric associated with the ¢, basis. In other words, we may invert
a 2 x 2 system to determine the directional derivative of £°. With this expression in hand, the

variation of a shape functions evaluated at &, in (44) can be written as

3 4
ANE(€) = Nbo (&) 'mP75 - [Y Ni(€)Awr, — Y Ni(€)AZ] (48)
I=1 A=1
This gives the required directional derivative in terms of the variations of the triangle vertices

(the z;,,) and the projected facet nodes (the Z%). To assemble the required stiffness, however,
one needs to write the directional derivative in terms of the facet nodes directly. Calculation of
these directional derivatives is outlined in Appendix D; here these relationships are indicated

schematically via

( A:I:% )
AZ :
Aml,}’ Aizl . A.’,Cl
Amg,p = DPAQM, A.’E? = EZA(I’M and A(I’kl =« ACC% > (49)
Aa:?),p Aif : 1
\ sz J

where D, is a 9 x 24 matrix, E'is a 12 x 24 matrix and A®,, is the 24-vector of locally
numbered incremental displacements of the overlapping non-mortar and mortar segments (&, [)
that define the polygon containing pallet p. These operators are useful in deriving a matrix-
vector version of (48), which will be expressed in terms of 24-vectors P*?, i = 1,2 and

C =1,...,4. Examination of (48) and (49) will show that
ANL(ED) = PPo(€)A®y,  where  PiP(€l) = Ni i (TP —Ty)  (50)
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and with the 24-vectors Tg‘” and T; defined

Ni(€)#
Ni(§,)T ; (& j
ry—pi{ Nigyr towe T-p{ NET L
Ny(€,)7) N(ED7
g9

Also required for the calculation of (44) is the variation of the facet pallet area, AAP. The

area of the pallet triangle is given by
AP =1/2[|(23p — ®1,) X (T2p — T1,)] (52)
which is readily differentiated to obtain
AAP =1/2n - [(Axs, — Axyy) X (Top — X1p) + (T3, — T1p) X (Ao, — Az )] (53)

where n is the unit normal to the projection plane p (Figure 12) formed by non-mortar segment
k. Using the identity (41) and the definition for Az, , in (49) along with some algebra defines

a 9-vector J which provides a matrix form for AA? /AP i.e.
AAP /AP = JTD, A®y, (54)
Equation (44) can now be written in matrix form using (50) and (54)
Ay = PlpA®y (55)

where P%". is the 24-vector defined
- ng . . . . .
Py =) [Np(E)PL (&) + Ni(€) P (€)lwgA” +ni Dy (56)
g=1

7.4 Appendix D: Compute E* and D, for Equation (49)

As described in Appendix A, the non-mortar facet % is used to form a plane for determining

the overlap of opposing mortar facets [. Exploiting local node numbering for the facets £ and
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1, the plane is formed from the geometric center x, (i.e. £' = 0) and center normal n of facet

k
4
zo =Y Ni(0)z}, n==z;(0)xx.(0)/|z(0)x, (0) (57)
A=1
where the surface tangents are computed
4 4
zi=) Ng(0)zy xp=) N,,(0)z} (58)
A=1 A=1

Both non-mortar and mortar segment nodes are then projected onto the plane via
&)y =z — (T — o) NN (59)
Linearizing (59) is straightforward such that

AzYy = [I —n®n]Azy + n@nAz, —n @ (x4 — zo)An (60)

= B, Ady,

and E', is a 3 x 24 matrix computed accordingly from the definition of A®,,; in (49;) and
linearization of (57) and (58). The 12 x 24 matrix E* is then assembled from the matrices E*,

as _
E;

E' = ; (61)
E)

The definition for the matrix D, in (49) and z. can be written according to Figure 13

ACBP Tp

1
Amp+1 = DpA(Pkla L. = n_ E mp (62)
Ax, P p=1

The computation of «,, and ., depends on how the vertex was formed. From Figure 13(b) it

is seen that ¢, .1 = &, , such that rows in E" are used in the linearization

Az, = EY APy, (63)
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as prescribed by (60). Thus, to assemble the 9 x 24 matrix D, the second three rows will

coincide with the 3 x 24 matrix E’,_; i.e.

T

D, =[df,d;, di] where df =E', (64)
The situation is more complicated for the point ,, in Figure 13 where x, = x;,;. The Cyrus-
Beck parametric line clipping algorithm described in [19] and recast here is used to find x;,;
from Figure 13 such that
1

(&5 — &) x (Bpy, — Tp)

noo.a ~1
. — 65
(@hrs— ) % @ ) om0 o

~1
Lint = L4 —

where n is the normal for plane p as in Figure 12. Linearizing (65) is laborious, yet straight-

forward, with the result used for assembling the first three rows in D, i.e.

Axip = B APy, such that dIf = ET (66)

int

and E;,; schematically represents the linearization of (65). Finally, from (62),
/4 1 S /4
d=—> d (67)
np =

When the non-mortar and mortar facet edges overlap (Figure 13(c)), the denominator in (65) is
zero and x;,,; is undefined. In this case, the pallet vertex is a segment vertex such then z, = x%
and ¢, = x}, as illustrated in Figure 13(c). The linearization is then handled as in (63) i.e.

A:L‘p = EQBA‘PM
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Figure 1: Segments (facets) j — 1,7 and j + 1 meet at node A. Contact forces jump since the
normal n; on segment 5 is not equal to the normal n;, on segment 5 + 1 along common edge.
An average vertex normal v 4 can be computed from n; and n4.
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Figure 2: Interfacing meshes such that segment & overlaps {. The domain of overlap shown
symbolically as the shaded portion, can have a complicated shape.
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pressure

moment
O —

(a) applied loads and boundary conditions

symmetry plane

HENR =N L LTTTTT

(b) mortar (c) two pass node-on-segment

Figure 3: Sandwiched beams in bending. (a) Beam is subjected to ambient pressure over entire
outer surface. Moment is then applied at the end. (b) Results from analysis with the non-mortar

surface on the fine (upper) surface. (c) Results illustrating the locking with the dissimilar mesh
using node-on-segment contact.
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g |
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I —e— mortar (fine) ]

r —— mortar (coarse) ]

1 - —=— conforming ]

i ——e— two pass hode-on-segment -

0 l¢ \ \ \ \ \ \ ]

0 002 004 006 008 01 012 014
moment

Figure 4: Displacement versus moment from beam bending example. Both mortar results
compare well with the conforming mesh result.
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time0.2

time 0.0

timel5

time 0.6

Figure 5: Results for four time steps on v = 0.5 ironing example problem. The die is fully

lowered in the z direction at time ¢ = 0.2 and then slid in the z direction across the slab over
the remaining time. Notice that at ¢ = 0.2 that the flexible slab does not overhang the stiff

indenter due to stick. As sliding progresses, slip occurs in both horizontal = and y directions

such that slab edges slide transversely out of the contact area along the y edge.
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100 T ]
80 - :
60 - .
(o)) i ) ]
g 10 - —e— mortar vert. (indenter) ]
o : —=— mortar vert. (dab) 1
3 [ - -+ - - smooth node-on-segment vert. ]
S 20 - —=e— mortar horiz. ﬁindenter) -
g i —=s— mortar horiz. (slab) ]
o - - - - smooth node-on-segment horiz. .
20 7

40 -

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Figure 6: Applied forces versus time from mortar and smooth node-on-segment v = 0.499
analyses. The smooth node-on-segment analysis diverges at the point where the slab begins to
“squirt” outside the y edges of the indenter (c.f. Figure 5).
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80 [ L B B B B B ]
60 -
I —e— mortar vert. (indenter)
| —=— mortar vert. (dab) ]
§ 40 —— smooth node-on-segment vert. -
2 i ——— NonN-smooth node-on-segment vert. ]
3 I —e— mortar horiz. (indenter) ]
Q 90 - —=s— mortar horiz. (slab) -
& I —<— smooth node-on-segment horiz. i
I —=— non-smooth node-on-segment horiz. |
0 —
-20 AT S A A
0 02 04 06 0.8 1 1.2 1.4

Figure 7: Applied force from mortar and single pass node-on-segment » = 0.3 analyses. The
smooth node-on-segment and mortar approaches compare very well whilst the non-smooth
node-on-segment exhibits significant chatter.
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time 1.5

time 0.0

Figure 8: Stiff square block is lowered in z direction and dragged across flexible slab.
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30 ]
25 -
20 q —e— mortar vert. (block E
3 - —=— mortar horiz. (block) y
S 15 - E
5 i .
o 10 | 7
& i ]
5 - -
0 w

1
(62}

0 0.2 0.4 06 08 1 1.2 1.4
time

Figure 9: Applied forces resulting from mortar analysis of square block (non-mortar side) and
flexible slab (mortar side) shown in 8.
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Figure 10: Trajectory of solid sphere pressed against hollow sphere from analysis with coarse
(inner) mesh as non-mortar surface.
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vertical displacement

0.4
—— mortar (inner coarse sphere)

—e— mortar (outer fine sphere)

0.2 ——=— smooth node-on-segment
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0 5 10 15 20 25 30 35
time

Figure 11: Center nodal vertical displacement versus time for solid sphere pressed into hollow
sphere.
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@ (b)

(© (d)

Figure 12: (a) Mortar segment /, non-mortar segment £ and plane p formed from the center
point and normal n of k. (b) Facet & and / formed by projecting &£ and [ onto plane. (c) Polygon
formed from clipping algorithm. (d) Discretization of polygon into n,, triangular pallets.
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@)

Figure 13: (a) Pallet p is formed by x,, ., and z. (b) Points on pallet correspond to projected
segments £ and [ such that x, = x;,; and x,;; = .fi:im. (c) Pathological edge-on-edge case.
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